Lymphocytic choriomeningitis virus (LCMV), strain WE, is a noncytopathic RNA virus that is highly adapted to its natural host, the mouse. Acute infection of adult mice leads to generalized virus spread, followed by cytotoxic T lymphocyte-mediated virus clearance below the detection levels of conventional assays within 2-3 weeks. Indirect evidence had suggested that virus or viral antigen might persist in the immune mouse. Here we demonstrate LCMV-WE persistence at low levels after infection with 10 2 or 10 6 plaque-forming units, shown as viral genome, viral antigen, and replicative virus using sensitive in vitro and in vivo assays. The finding that LCMV-WE persists in the face of apparently intact immune responses resembles the situation in some viral (hepatitis B and C, HIV) and bacterial (tuberculosis, leprosy) infections in humans; the results are relevant to the understanding not only of other murine and human persistent viral infections but also of protective immunological memory by ''infection immunity.''
T
here are a number of features that suggest that, after apparent clearance of lymphocytic choriomeningitis virus (LCMV) infection (1, 2) , virus or viral antigen may persist to variable extent dependent on the LCMV strain (3-7). First, unlike vaccination using antigen in other forms, the cytotoxic T lymphocyte (CTL) response against LCMV remains demonstrable after restimulation or as precursor CTLs over many months (8, 9) and bears hallmarks of acute effector status-rapid killing ability in vivo and ex vivo and homing to the peripheral tissues accompanied by immediate in vivo protective capacity (10) (11) (12) . Second, neutralizing antibodies (nAb) responses usually arise late after infection (e.g., LCMV-WE) or only marginally [e.g., LCMV-Armstrong (13)], when virus appears to have been cleared for several weeks (13, 14) ; a situation similar to bona fide persistent viruses such as hepatitis B (15, 16) , hepatitis C (17) , and HIV (18) , but also tuberculosis (19) and leprosy (20) in humans. Third, mice deficient in MHC class II, CD4 ϩ T cells or B cells (and consequently unable to produce T cell help or nAb) initially appear to clear virus from all tissues below the detection level of conventional assays, but succumb to renewed viremia after weeks or months (21, 22) ; so, under these conditions there is certainly low level persistence of replication-competent virus. Finally, treatment with antilymphocytic serum 30-50 days after LCMV infection provoked recrudescence of viremia in mice infected with and immune to LCMV-Traub (6) .
We previously demonstrated low levels of LCMV reverse transcripts (i.e., viral cDNA) in spleens of LCMV-WE immune mice or after in vitro infection (23) . However, a direct role for this DNA in persistence of viral antigen has not yet been shown. Several attempts to isolate infectious LCMV or influenza virus or to detect reverse transcriptase-PCR (RT-PCR) signals from mice acutely infected with 10 2 -10 6 plaque-forming units (pfu) of LCMV or other RNA viruses, after they apparently had cleared the virus, have failed so far (23) (24) (25) (26) . We find in this study that it is possible to detect viral RNA consistently in the majority of mice infected 40-80 days previously with LCMV-WE by using nested RT-PCR, that virus in replicative form also may be isolated by using sensitive in vivo readouts, and that viral antigen may be detected in a few cells in tissues (particularly spleen, lung, and kidney) by immunohistochemistry.
Materials and Methods
Mice and Viruses. C57BL͞6 (B6), BALB͞c, and IFN-␣͞␤͞␥ receptor Ϫ͞Ϫ (AG129) mice were obtained from the breeding colony at the Institut für Labortierkunde (University of Zurich, Zurich) and were kept under specific pathogen-free conditions. They were infected i.v. with low (200 pfu) or high (2 ϫ 10 6 pfu) doses of LCMV-WE (27) originally obtained from F. LehmannGrube (Pette Institut, Hamburg, Germany). The same virus stock was used for all of the described experiments. The viral titer of the stock was measured by focus-forming assay.
Virus Determination in Vitro. Focus-forming assay. The focusforming assay was used as described (28) . Values of virus titers are expressed as log 10 pfu per organ or per milliliter of blood.
Molecular analysis. Organs (a quarter of spleen, lung, or kidney) were harvested from immunized mice 40-80 days after infection, immediately were snap frozen by immersing the tubes with long forceps in liquid nitrogen, and were stored at Ϫ80°C. The frozen tissues were disrupted and homogenized in the presence of Qiagen (Valencia, CA) lysis buffer by using a rotor-stator homogenizer (Polytron PT 1200, Kinematica AG, Lucerne, Switzerland). The tissue lysate was additionally homogenized by using QIAshredder and RNA extracted in 40 l of solution by using RNeasy Kit (Qiagen). After DNasetreatment (20 units per 10 l of reaction volume; Boehringer Mannheim) performed at 37°C for at least 90-120 min, 8 l of RNA solution was used as a template for reverse transcription by using a first strand cDNA synthesis kit (Amersham Pharmacia) and specific glycoprotein (GP) or nucleoprotein (NP) primers. The primer sequences (antisense R1 and sense 001 for GP and antisense 2818 or sense 3060 for NP) were previously published (23) and consistent with the cDNA sequences for LCMV-WE (29). Amplification of GP sequences then was performed by using nested PCR on 2 l of template with primer pairs 001͞R1 (primary reaction) followed by RC1͞DM1 (secondary reaction). PCR conditions were 50 l of total volume containing 20 pmol of each primer, 0.2 M dNTPs, 2.5 units of Taq polymerase, and 1 ϫ PCR buffer (Boehringer Mannheim). The cycling conditions for GP-PCR were 94°C for 1 min, 55°C for 1 min, 72°C for 2 min, 35 cycles (primary reaction), 94°C for 1 min, 42°C for 1 min, 72°C for 1 min, 35 cycles (secondary reaction). The primers for amplification of NP sequences were 2818͞3060 and NP5ЈI͞NP3ЈI for primary and secondary reactions, respectively (23) . The conditions for NP-PCR were 94°C for 30 s, 50°C for 1 min, 72°C for 30 s, 35 cycles for both amplifications. In the secondary reaction, 2 l of each primary product was used. The final product (10 l) was run on 1% agarose gels and was visualized with ethidium bromide. PCR sequencing of these products also was performed after purification by using the QIAquick gel extraction kit (Qiagen). We were careful to minimize the potential for cross contamination and PCR artifacts. PCR mixes were made up in a separate laboratory with a dedicated set of instruments; cDNA template was added to PCR mixes in a third laboratory in which LCMV culture was not performed; aerosol resistant tips were used. The results were obtained independently by three separate operators. Control uninfected mouse tissue was processed in parallel and was uniformly negative; water controls in both primary and secondary reactions were negative throughout; material from cDNA reactions in the absence of reverse transcriptase was also negative.
Immunohistology. Samples of freshly removed organs either were immersed in Hank's balanced salt solution and snap frozen in liquid nitrogen or were fixed with 4% formalin solution and embedded in Paraplast. Frozen tissue sections were cut in a cryostat, were placed on siliconized glass slides, were air dried, were fixed with acetone, and were stored at Ϫ80°C. To stain for LCMV, sections were incubated with rat anti-LCMV-NP monoclonal Ab (VL-4) (28). Affinity-purified goat anti-rat-IgG Ab, followed by alkaline phosphatase-labeled donkey anti-goat-IgG Ab (Jackson ImmunoResearch), were used as secondary reagents. Paraffin sections were pretreated with 0.1% pronase for 25 min. After incubation with rabbit anti-LCMV antiserum, affinity-purified biotinylated swine anti-rabbit Ab were applied, followed by ABC͞AP (Dako). Alkaline phosphatase was detected by a red color reaction product using naphthol AS-BI phosphate͞New Fuchsin as substrates. Sections were counterstained with hemalum.
Virus Determination in Vivo. Organs were harvested from immunized mice, were snap frozen exactly as for molecular analysis, and then were stored at Ϫ80°C. After thawing, organs were kept on ice. Spleens were gently pressed through a fine stainless steel grid, and other organs were homogenized before intraperitoneal adoptive transfer into individual AG 129 mice, which are extremely susceptible to LCMV-WE (30). The AG 129 mice were kept individually in separate cages because of very efficient spread of virus from infected to uninfected AG 129 mice. Recipient mice were killed on day 4 after transfer, and viral titers in blood and solid tissues (spleen, kidney, lung) were measured in a focus-forming assay.
Results
Evaluation of the Different Methods To Detect LCMV-WE. We evaluated the sensitivity of three different techniques to detect LCMV or LCMV sequences in solid organs: (i) infectious focus-forming assay on MC57 cells, (ii) nested RT-PCR, and (iii) injection of tissue homogenates into AG 129 mice. It should be emphasized that it is very difficult to validate the various methods with respect to absolute values. The reasons that virus isolated from organs of infected mice yield a value that cannot be reliably related to the real value in the animal are as follows. First, there are theoretical lower limits of detectable units when the different tests were used to determine virus or RNA in biological samples; the factors that influence these are presented in Table 1 . Second, there are limitations in the sensitivity of what can be detected (Table 2 ). Attempts at mixing known amounts of virus or infected cells to uninfected tissues are the best approximations to imitate actual values in infected organs. Two test materials were analyzed: first, about 1.5 ϫ 10 7 splenocytes (a quarter of a naïve spleen) were mixed with decreasing numbers of LCMV-WE-infected MC57 cells, starting at 10 3 cells (2 days after infection, multiplicity of infection 0.01). This procedure leads to Ͼ90% cells becoming infected as determined by flow cytometry (data not shown). The MC57 cells were washed four times at 4°C to remove free virus particles. Alternatively, the equivalent of a quarter of a naïve spleen was mixed with increasing dilutions of the LCMV-WE stock, starting at 10 5 pfu; the virus titer of the stock had been determined by focus-forming assay. For nested GP-or NP-specific RT-PCR, mixtures were snap frozen in liquid nitrogen and then were processed as detailed in Materials and Methods. Snap-frozen mixed materials also were used for infection of AG 129 mice by intraperitoneal injection after thawing. For the focus-forming assay in vitro, the virus or cells were added to a quarter of spleen, all were homogenized with a teflon pestle in a tight fitting glass tube, were frozen at Ϫ80°C, were thawed, were kept from then on strictly on ice, and were analyzed.
The results are summarized in Table 2 . The detection limit of the conventional focus forming assay was Ϸ10 (23) and still use for preparing homogenates for focus-forming assay] instead of a rotor-stator homogenizer was 10-to 100-fold less sensitive. To determine the sensitivity of the PCR, cDNA was synthesized from RNA extracted from spleen of naive C57BL͞6 mice and was mixed with decreasing numbers of LCMV-plasmid copies. Nested PCR specific for GP was able to detect 3-6 plasmid copies (data not shown).
Infection of AG 129 mice detected 1-4 infected MC57 cells and 0.2-1 pfu of titrated LCMV per spleen. Similarly, i.v. infection of AG 129 mice revealed viremia after inoculation with 0.1 but not fewer pfu LCMV of a titrated virus stock (data not shown). As outlined above, a comparison of the various methods in the sensitivity assay as shown in Table 2 offers a baseline but may not apply readily to the comparison of units detected in organs of infected mice by the same methods (see below; Table  4 ) because the status of virus infection and ratio of infectious units versus viral RNA in vivo is generally unknown. The indicated detection limits for three different LCMV detection methods can be calculated from the following dilution factors and optimal sample volumes used for each technique: *As only a quarter of spleen (1/4) was harvested for the focus forming assay, yielding 2 ml of tissue homogenate from which only 200 l (1/10) were used in the assay, the theoretical detection level of the focus-forming assay is 40 pfu if one plaque is detected in the first dilution step and 400 pfu if the cell layer in the first dilution well is destroyed by the toxic effects of the homogenate. † Only 8 l of the total 40-l RNA solution extracted from a quarter spleen were used for the reverse transcription reaction (1/5), and 2 l of the resulting total of 16 l cDNA (1/8) were used in the PCR reaction. The theoretical detection limit if one copy gives a positive signal would therefore be 160 copies per spleen. ‡ We transferred half or a quarter of the whole amount of tissue homogenate in AG 129 mice. If one infective unit of LCMV leads to viremia in these mice, a minimum of 2-4 units would be expected in the whole organ.
Detection of Persistent Viral RNA in Immune Mice by RT-PCR. We used nested RT-PCR with GP-and NP-specific primers to identify LCMV GP and NP RNA in different organs of LCMV-WEimmune mice. The term ''RNA detection'' in the following sections implies detection of reverse transcribed RNA by nested RT-PCR, as described in Material and Methods. The primers and strategy are shown in Fig. 1A .
In the first set of experiments, we analyzed organs (spleen, kidney, and lung) of B6 mice 40 and 80 days after i.v. infection with low dose (200 pfu) or high dose (2 ϫ 10 6 pfu) LCMV-WE for the presence of GP and NP RNA (3-4 mice per group). These organs were chosen because they have often been found to harbor persistent viruses in humans (e.g., CMV). The results are summarized in Table 3 . RT-PCR data are shown for two mice in Fig. 1B . The agarose gel bands in Fig. 1B are representative of the RT-PCR-positive raw data used for Table 3 . GP-specific RNA could be detected at least in one of the mentioned organs in all 13 mice tested in this experiment: 40 days after low dose (200 pfu) LCMV-WE infection 2͞3 spleens and 3͞3 lungs were positive for GP RT-PCR whereas kidneys were negative. The proportion of detectable GP-specific RNA was 2͞4 for spleen, lung, or kidney on day 80 after infection. As expected, the percentage of positive organs by detection of LCMV-GP RNA was higher after high dose (2 ϫ 10 6 pfu) LCMV-WE immunization: With one exception, all organs of three mice tested were PCR-positive on day 40 after infection. GP-specific RNA could still be detected 80 days after infection in 1͞3 spleens, 2͞3 kidneys, and 2͞3 lungs, each mouse being LCMV positive in one or two of the three tested organs.
Eight PCR products sequenced from eight individual B6 LCMV-WE immune mice confirmed LCMV-GP-specific amplification (Fig. 1C) . The GP of our LCMV-WE strain (LCMV-WE-ZH) has some characteristic nucleotide changes in comparison to the most frequently used plasmid (containing LCMV-WE cDNA) in our laboratory [LCMV-WE-M22138 (29) ]. The sequenced region in Fig. 1C is diagnostic for these mutations and indicates that contamination by plasmids is unlikely. The region of GP encoding the GP33 D b -restricted epitope, which represents the immunodominant CTL target in B6 mice after infection with LCMV-WE, was not mutated in these sequences, rendering it unlikely that the persistent sequences were derived from CTL escape mutant viruses (31) .
These immune B6 mice also were analyzed for LCMV nucleoprotein RNA. NP RT-PCR was positive in a similar proportion of mice as for GP RT-PCR in low and high dose infection and at both time points analyzed (Table 3 and Fig. 1B ). In the majority of cases, NP RNA was detected in the same organs that were positive for GP RNA. The few discrepancies observed are probably due either to different copy numbers of LCMV GP and NP RNA, slightly different sensitivities, or to the fact that RNA levels in immune mice are just at the detection level, as assessed by nested RT-PCR performed at limiting dilution conditions on reverse-transcribed RNA from immune mice (data not shown).
The approximate number of RNA copies present in organs of immune mice cannot be readily extrapolated from the plasmid titration experiment presented in the first section because neither the efficiency of RNA extraction nor that of the reverse transcription step are known. Nevertheless, a relative estimation of viral RNA copies can be obtained by the comparison of acutely infected mice (day 4) with immune mice (after day 60) after i.v. infection with 200 pfu of LCMV-WE. Nested PCR performed at limiting dilution demonstrated that the relative Table 3 ) infected 80 days previously with LCMV-WE (200 pfu i.v. for M7 and 2 ϫ 10 6 pfu i.v. for M12) using GP-and NP-specific primers as detailed in Material and Methods. Products were run on 1% agarose gels and were visualized with ethidium bromide. Product sizes are 907 bp for GP and 207 bp for NP. Controls in this experiment were no cDNA (lane 1) and RNA extracted from organs of an uninfected mouse (lanes 8 -10). The positive control was cDNA template from MC57 cells infected with LCMV (multiplicity of infection 0.02) and was cultured for 48 h. (C) Partial sequence alignment (nucleotides 438 -479) from amplified GP products (spleen isolates). Products were sequenced by using inner PCR primers (RC1͞DM1) and were compared with LCMV-WE sequence derived from our viral stock (LCMV-WE-ZH) and from a plasmid frequently used in our laboratory, containing GP cDNA (GenBank accession number M22138). Positions of difference in nucleotides are indicated. Increasing dilutions of a LCMV-WE stock (viral titer measured by focus-forming assay) or decreasing numbers of LCMV-infected MC57 cells were mixed with the equivalent of a quarter of spleen and the indicated three LCMV-detection methods (as detailed in Materials and Methods) were performed on these samples to evaluate the respective detection limits.
value of RNA copies in an acute infection is 10 6 ϫ in excess compared with the value during the memory phase; this confirms that levels of infection are very low indeed.
We next performed NP-specific RT-PCR on spleens taken from immune BALB͞c (H- In all of the experiments presented in this section, spleens, lungs, and kidneys from uninfected control mice, as well as no-DNA-controls, were always negative. A single round PCR performed on some positive organs of the nested RT-PCRtested immune mice either with conditions and primers of primary reaction (R1͞001 for GP and 2818͞3060 for NP) or of secondary reaction (RC1͞DM1 for GP and NP5ЈI͞NP3ЈI for NP) was negative, even though these protocols will amplify GP or NP from cDNA prepared from acutely infected MC57 cells as a positive control (data not shown). This is consistent with previous observations using LCMV-Armstrong strain (24) .
It is important to emphasize that spleens, lungs, and kidneys from all of the immune mice tested were uniformly negative for LCMV by conventional focus-forming assay. Because of methodological limitations, the detection limit was Ϸ40 pfu per spleen and 20 pfu per lung or kidney (data summarized in Table 4 ).
Virus Persists in Replicative Form. We next addressed the question of whether the viral genome detectable by PCR was associated with replication-competent virus. As previously described (23), attempts to isolate virus directly from tissue homogenates were unsuccessful. In a more sensitive in vivo assay, AG 129 mice were used as recipients for adoptively transferred splenocytes from immune mice. Such IFN-␣͞␤͞␥ receptor-deficient mice are extremely susceptible to LCMV infection, and virus grows rapidly in all tissues (30). It is important to note that these mice were housed individually because virus secreted by a LCMVpositive AG 129 mouse infects AG 129 mice in the same cage within 1-2 days (data not shown). Such mice are susceptible to viremia after inoculation with 0.1 pfu LCMV, as stated before.
We injected 10 7 intact spleen cells from immune mice i.v. into AG 129 mice and determined LCMV titers in blood and organs of the recipients by focus-forming assays 4 days after transfer. Two of five B6 mice infected for Ͼ60 days previously with LCMV-WE (200 pfu i.v.) were positive by this technique, as were three of four mice infected with 2 ϫ 10 6 pfu. Viral titers in the blood were between 5 ϫ 10 4 and 5 ϫ 10 5 pfu per ml. Transfer of splenocytes from uninfected control mice, uninfected MC57 cells, or medium alone did not lead to detectable viremia in the AG129 mice.
In a separate set of experiments, lung homogenates from individual LCMV immune mice (which were used in the RT-PCR experiments above) were injected i.p. into AG 129 mice. Lung homogenates from mice infected 40 and 80 days previously with 200 pfu LCMV-WE caused viremia in 1͞3 and 2͞4 AG129 mice, respectively (Table 4 ). All AG129 mice (three per group) injected with lung homogenates isolated 40 and 80 days after infection with 2 ϫ 10 6 pfu LCMV-WE exhibited viremia ( Table  4 ). The results in Table 4 indicate that it was relatively more difficult to find infectious virus that could replicate in AG 129 mice than to detect viral RNA by RT-PCR in organs of immune mice. This does not conflict with the findings of the sensitivity assays using acutely infected material (Table 2) in which AG 129 mice proved to be very sensitive because of the different biological starting material used and the limitations stated in the first section.
Detection of Viral Antigen in Tissues of Immune Mice by Immunohistology. To evaluate whether viral antigen might persist in solid organs of immune mice, we next stained tissue sections from LCMV immune B6 mice with the monoclonal rat anti-LCMV-NP antibody VL-4 (32) or with a rabbit anti-LCMV hyperimmune serum, which stains all LCMV antigens. Although, in lymphoid organs, occasionally an isolated cell was found to present nonspecific staining, clusters of 3-5 stained cells (Fig. 2C) were never seen in uninfected control animals. In kidneys and lungs, epithelial cells never exhibited background staining. Multiple sections from spleens, kidneys, and lungs from Ͼ30 mice at different time points after infection (up to 120 days) with 200 pfu or 2 ϫ 10 6 pfu LCMV-WE were examined. Although most of the spleen sections were positive, only rare cells or groups of cells were stained in kidney and lung sections after 200 pfu LCMV-WE; many sections were negative. However, for all mentioned conditions and time points, a couple of positive sections were found also for these organs (data not shown). Fig. 2 shows representative spleen and kidney sections from mice immunized 80 days previously with 2 ϫ 10 6 pfu LCMV-WE and from uninfected control mice.
A comparison of the different LCMV detection techniques on the set of mice immunized 40 and 80 days previously with 200 pfu LCMV-WE i.v., mentioned in the previous sections, shows that virus can be detected immunohistologically in the spleen (Table  3) . After infection with 2 ϫ 10 6 pfu LCMV-WE, spleens, kidneys, and lungs were regularly positive by this technique (Table 3 and Fig. 2) , confirming the results obtained by RT-PCR and those obtained by infection of AG 129 mice.
Discussion
The question of whether LCMV persists in vivo in immune mice is important from both immunological and virological viewpoints. In the former, there has been ongoing debate about the role of persistent antigen [either generated by persisting infection (26, 33) , antigen depots or re-exposure to cross-reactive infections (34, 35) ] in maintaining protective immunological memory (36, 37) . There is evidence that antigen is not required to maintain elevated CTL precursor levels as measured in vitro and CTLs, which may efficiently expand in vivo in response to viral challenge (25, 38) . Moreover, there are important qualitative differences between the function of memory induced by LCMV itself (i.e., presence of ''activated'' effector memory T cells) and anti-LCMV memory induced by other means (recombinant vaccinia, recombinant Listeria, peptides etc.), which yields ''quiescent'' memory T cells, in terms of kinetics, immediate protective capacity, and ability to home to infected peripheral sites (10, 11, 39) . It has been proposed that these differences were attributable to persistence of LCMV antigen in some form (40) . Earlier studies had failed to demonstrate direct evidence for persistent virus (23) (24) (25) . The current study has taken advantage of several improved methods and has used mice extremely sensitive to virus infection to re-evaluate this issue. The results provide evidence for persistence of small amounts of virus in the normal mouse even after low dose infection with LCMV-WE. This evidence was obtained at the level of viral genome, viral antigen, and recoverable virus, all of which were present at very low levels. The studies were not positive for all tested organs in the mice. The consequences of the differences seen after low dose (200 pfu) and high dose (2 ϫ 10 6 pfu) infection should, however, not be over-interpreted. The negative results in some organs may indicate that there are probably either oscillating levels of virus production or that there is still a detection limit with the assays used. Even the most sensitive of these, PCR (which is capable of detecting 3-6 DNA copies per reaction) could only detect reverse-transcribed RNA at the level of Ϸ10 -40 admixed LCMV-infected MC57 cells, and the amounts detected in the positive organs appeared to be just above this detection limit. The apparent discrepancy between the sensitivity assay in Table 2 and the findings summarized in Table  4 , that nested RT-PCR detected more positive animals and organs than the AG 129 transfer assay, may be explained as follows: First, one may argue that cotransfer of few nAbs during injection of organ homogenates into AG 129 mice may render this in vivo readout less efficient. This is, however, unlikely, as it was shown that productive LCMV infection in the presence of excess nAb is still possible (41) . Second, as pointed out, the technical and methodological limitations are obvious. In particular, the validating titrations in Table 2 cannot overcome the problem that we do not know the relative values of RNA copies versus infectious units in organs of mice infected for 40-80 days. Nevertheless, the fact that, in many immune mice, replicating virus could be isolated after transfer of organ homogenates into AG 129 mice strengthens the PCR and histological findings. When taken together, these results make a strong case for persistent LCMV-WE infection even after infection with 200 pfu.
We have previously demonstrated that LCMV-WE sequences may persist in immune mouse spleen in DNA form (23) . This is attributable to reverse transcription by endogenous retroviral elements and was only seen in mouse and hamster cells, species in which LCMV is able to establish a carrier state. It is not clear whether these LCMV sequences have biological activity, as it would require illegitimate recombination and promoter action, but we have speculated that low level protein expression could occur, sufficient to contribute to immunological memory, or potentially viral persistence. The presence of RNA viral genomes demonstrated in this study represents a more conventional means for low level maintenance of infection in a ''subclinical'' form. The relative importance of the two potential forms of persistence remains to be determined, although the relative abundance of genomic RNA and its presence in virtually all mice tested, as seen in this study, makes viral RNA likely to be the most significant.
There is little doubt that T cell precursor frequencies depend largely on the initial burst size and then are maintained at fairly stable levels in an antigen-independent manner (25, 38) . Overall, our observations do not directly answer the question of whether viral antigen is required for the maintenance of protective immunological memory, but, together with earlier experiments and a recent study by Ochsenbein et al. comparing protective memory induced by LCMV-WE versus recombinant Listeria expressing LCMV-NP (42), they provide strong supporting evidence. Therefore, viral antigen may exist during the memory phase and could contribute to protective memory mediated by effector memory T cells. These results indicate that, contrary to previous reports-but consistent with the observed immunological response to infection that includes very late emergence of nAb-LCMV-WE does persist at very low levels in normal mice after acute infection. This persistence may contribute to the maintenance of functional status of immune memory cells and to the re-emergence of virus in immune deficient mice. These findings may be relevant to other Arenaviruses and RNA viruses, where lifelong immunity is observed in the absence of known re-infection, but also so far without evidence for persistence of infection. They correlate with findings in other infections, such as HIV, hepatitis B virus, and hepatitis C virus in man (reviewed, respectively, in refs. [15] [16] [17] [18] , where virus persists in the face of apparently intact immune responses. Understanding the mechanisms involved is not only relevant to the biology of persistent virus infections in general but may also explain ''infection immunity.'' This term had been coined by Mackaness to describe the situation after Mycobacterium tuberculosis infection (19) , which also applies to leprosy (20) , where low level infections by few persisting mycobacteria keep specific and nonspecific cellmediated immunity protective.
